Background: Although schizophrenia has been associated with abnormalities in brain anatomy, imaging studies have not fully determined the nature and relative contributions of gray matter (GM) and white matter (WM) disturbances underlying these findings. We sought to determine the pattern and distribution of these GM and WM abnormalities. Furthermore, we aimed to clarify the contribution of abnormalities in cortical thickness and cortical surface area to the reduced GM volumes reported in schizophrenia.
Introduction
Although reduced whole brain volume, reduced gray matter (GM) volumes and white matter (WM) abnormalities have been described in schizophrenia, the exact nature of these anatomical abnormalities and the relationship of disturbances in one tissue type to those in another remain elusive. Findings in GM and WM have been inconsistent across studies, in part because both tissue types have seldom been assessed simultaneously, and when they have, measures have been of relatively large regions-of-interest (ROIs), the use of which risks averaging out volumetric abnormalities if the region contains a combination of anatomically normal and pathological tissues. Nevertheless, ROI studies -either those examining larger regions or those using more parcellated subdivisions -have revealed discrete volumetric abnormalities, especially in frontal, cingulate and temporal areas [1] . Additionally, whole-brain approaches such as voxel based morphometry, have identified volumetric deficits in frontal WM [2] and within the left temporal regions [3] . Finer-grained approaches to spatial localization of anatomical abnormalities, such as tensor-based deformation measures of cortical thickness and morphological assessment of the brain surface [4] have further expanded our understanding of anatomical abnormalities in schizophrenia, revealing cortical thinning in heteromodal association cortices [5] as well as brain surface contraction [6] and altered frontal gyrification patterns [7] . Notwithstanding the increasing complexity of the anatomical measures used in these imaging studies, few have assessed the differing aspects of GM and WM anatomy simultaneously. A holistic understanding of how these differing components of brain volumes contribute to the volumetric abnormalities observed in schizophrenia is critically important. Cortical surface area and cortical thickness represent different features of brain anatomy and are most likely the products of distinct genetic influences [8, 9] . According to the radial unit hypothesis [10] , cortical surface area is driven by the number of columnar units, whereas cortical thickness is determined by the number of cells within a column. Some have suggested that postnatal developmental events affecting GM are preferentially reflected in cortical thickness, although this remains largely speculative [11] [12] [13] [14] [15] [16] .
Building on the extensive anatomical literature in schizophrenia, our study aims to provide a more refined characterization of GM and WM volume abnormalities in schizophrenia. We sought to clarify whether local volumetric reductions of brain tissue along the surface of the brain are associated with reduced local cortical thickness or instead with local volume reductions of the underlying white matter. We also wished to clarify whether reductions of the total surface area of the cortical mantle and of the underlying WM could be driving the regional GM volume reductions frequently observed in schizophrenia. Finally, we aimed to correlate these morphological variables with clinical symptoms and working memory measures, in order to determine whether distinct aspects of the illness were associated with distinct features of brain anatomy.
We studied the fine-grained morphological features of the brain surface, underlying WM surface, and cortical thickness in 76 persons with schizophrenia and 57 age-matched healthy controls using the techniques of tensor-based deformation [4, 17] . Surface morphology permits spatially precise, fine-grained assessments of the shape of the brain surface in which increases or decreases in local volumes of the brain tissue along the brain surface can derive, respectively, from either increases or decreases in local thickness of the underlying cortex or from greater or smaller local volumes along the underlying white matter. These techniques thereby help to obviate the problems posed by use of large ROIs in conventional volumetry, in which localized volume increases and decreases within the same ROI could tend to cancel each other and go undetected.
We hypothesized that abnormalities of brain tissue along the brain surface would correspond to underlying reductions of WM. We based this hypothesis on our prior findings of reductions in WM regional volumes in this sample [18] , as well as on emerging evidence suggesting WM reductions in schizophrenia [19] . Informed by a large number of prior imaging, neuropathological, and clinico-pathological observations, we predicted that abnormalities in cortical thickness would be located primarily within limbic and perisylvian cortices, or in the WM underlying those regions.
We also hypothesized that the generalized regional GM volume reductions we previously observed could be explained by a combination of reduced thickness and a reduction in the area of the cortical surface, as previously reported by others [20] . Furthermore, we expected that the contraction of cortical surface area would be accompanied by reduction in the area of the WM underlying the cortical mantle. Second, because of our prior observations [18] as well as of evidence that WM disruptions correlate with performance on verbal working memory [21] , we hypothesized that working memory, as specifically measured by the Serial Position Task (SPT) would be correlated with anatomical features of WM rather than GM.
Although associations with symptoms have been reported more frequently with GM [22] rather than with WM abnormalities [23] , we expected that symptoms would correlate with anatomical features of the WM. Disruptions in WM connections among brain areas have been posited as the neuroanatomical basis for symptoms and cognitive dysfunction in schizophrenia [19] and studies in functional and structural connectivity [24] [25] [26] seem to support the idea that schizophrenia could be an illness of disordered connectivity [27, 28] . Given that connections among different brain areas are provided by WM tracts, we hypothesized that the severity of both positive and negative symptoms would correlate with features of WM anatomy.
Methods

Sample
Seventy-six symptomatic but stable outpatients who met DSM-IV criteria for schizophrenia, and 57 healthy controls, participated after providing written informed consent. A more detailed description of this sample (Table 1) , including neuropsychological and clinical characterization, is provided elsewhere [18] . All but three patients had been in treatment more than five years, most had been hospitalized more than three times (none within three months of the study), none had abused substances within the last 60 days, and all had been on their current medications for at least 30 days. Healthy controls were without history of Axis I disorders or neurologic illness. Length of illness was a best-estimate judgment based on the patient's report of the first appearance of symptoms or functional compromise related to aspects of schizophrenia (e.g., delusional thinking, paranoid fears, hallucinations, social withdrawal, decline in school performance), first hospitalization, and history of illness as documented in reports related to initial hospitalizations. When insufficient information was available, no duration was assigned.
Neuropsychological and Clinical Measures
As in our previous study, the patient group was divided into two subgroups based on neuropsychological performance using four Serial Position Tasks (SPT) that assessed verbal and nonverbal working memory using four types of stimuli: words; easily named sounds, such as a ringing telephone; birdsongs; and snowflake designs [18] . One group was considered neuropsychologically impaired on the basis of overall scores on all four tests that were more than 1.0 SD below the mean of healthy controls (NPI, n = 50). The second group was considered neuropsychologically near-normal (NPNN, n = 21) on the basis of overall working memory scores within 0.5 SD of the healthy control mean. These tests were selected for subgroup definition because patients with schizophrenia have been shown in previous studies to perform particularly poorly on these tasks, and because deficits in working memory in general, and verbal memory in particular, are among the most consistent and robust cognitive deficits in schizophrenia [18, 29] . The resulting subgroups were validated by comparing the groups to each other and to healthy subjects on the California Verbal Learning Test and a degraded stimulus CPT, two tests widely used to demonstrate cognitive deficits in people with schizophrenia [30] . In our sample of 76 patients, 5 patients were not classified as either NPNN or NPI because neuropsychological data were not available. Severity of illness was measured using the Positive and Negative Syndrome Scale (PANSS) [31] . PANSS scores were available for 52 of our 76-person patient sample. As reported previously, the two patient subgroups did not differ substantially in medication status or clinical symptoms [18] .
Image Acquisition
Magnetic Resonance Images (MRIs) were acquired using a single 1.5 Tesla GE Signa LS MRI scanner and a 3D spoiled gradient recall pulse sequence (TR = 24 msec, TE = 5 msec, 45u flip, frequency encoding superior to inferior, 2566192 matrix, field of view = 30 cm, 2 excitations, slice thickness = 1.2 mm, no skip, 124 sagittal slices).
Image Processing
Analyses were performed on Sun Ultra 10 workstations using ANALYZE 8.0 (Rochester, MN), while blind to participants' characteristics and hemisphere (images were randomly flipped in the transverse plane before preprocessing). Prior to region definitions, large-scale variations in image intensity caused by RF coil and other inhomogeneities were removed [32] . Extracerebral tissues were removed using an isointensity contour function that thresholds cortical GM from overlying cerebrospinal fluid. Connecting dura and fat were removed manually. The dataset was resliced to Talairach standard orientation to correct for residual head rotation, tilt, or flexion/extension. Gray scale values of ''pure'' representations of cortical GM (the cortical ribbon) and WM were sampled bilaterally in frontal, temporal, occipital, and parietal regions using an 868 = 64 pixel array that was sufficiently large to provide statistical stability but small enough to avoid contamination by partial volume effects from other tissue types. These 4 values were averaged for each tissue type. A global threshold, calculated as the average of mean GM and WM values, was invoked to provide an initial rough classification of gray and white matter. This classification was then hand-edited in all 3 views, primarily to eliminate subcortical GM and rims of ventricles (partial volumed WM and ventricular CSF that is labeled as GM in most segmentation algorithms) from the tissue assigned to cortical gray matter. The intraclass correlation coefficient, calculated as a measure of reliability of our segmentation procedures using a 2-way random effects model [33] , was 0.98.
Coregistration
A detailed description of the methods used to analyze surface morphology and their validation is provided elsewhere [17] . Briefly, the random flips of the images (above) were reversed to provide their original correct orientation. Brains were brought into coarse alignment using a similarity registration (translation, rotation, and scaling) that maximized the mutual information of gray scale intensity values of the pixels in each brain with gray scale values in the template brain [4] . Each brain was then warped to the template brain using a high-dimensional, non-rigid warping algorithm based on fluid dynamics, producing a brain that was exactly the same size and shape as that of the template brain, thereby permitting identification of precisely corresponding points on the surfaces of each brain and of the template brain. The warped brains were then unwarped by reversing this highdimensional, nonlinear warping, bringing along with each surface the labels that identified corresponding points on the template brain. We applied a rigorous two-step procedure to select a brain template that was the closest possible (in terms of least squares error) to the average brain shape in all the healthy controls. First, a preliminary reference was selected as the brain of the healthy control who was as demographically representative as possible of all healthy controls. The brains of all the other controls were then normalized to this preliminary reference. The point correspondences on the brain surfaces were determined and we computed the distance from the template surface for each of the corresponding points on the surfaces of the brains of all other healthy controls. Subsequently, the brain for which all points across its surface were closest, in terms of least square means, to the average of the computed distances was selected as the final template. We used a single representative brain as template rather than an average brain because the use of a single brain, which has sharp borders at the CSF-GM or GM-WM interface, improves the accuracy of registration. Averaging images to generate a template blurs these boundaries, increasing registration errors that make detection of subtle effects across populations more difficult. Furthermore, precise surface morphometry requires a brain with smooth GM and WM surfaces that are devoid of topological defects, which cannot be adequately reconstructed by averaging brains across multiple healthy controls. After unwarping, we calculated the distance of each point on the brain surface of each brain to the corresponding point on the brain surface of the template brain. At a group level this procedure generated, at each point on the brain surface, a set of signed Euclidean distances, which we subjected to statistical modeling. We conducted similar analyses for the WM surface. Indentations or protrusions along the surface of the brain or along the surface of the WM were interpreted as representing greater or smaller local volumes, respectively, of the brain tissue along those surfaces. We displayed statistical results for the brain surface and for cortical thickness on the ICBM (International Consortium for Brain Mapping) high-resolution, single-participant template [34] . The delineation of cortical gyri was performed manually by an expert neuroanatomist, and this 3-D set of labels was mapped onto the brain surface of our template brain to delineate regional boundaries.
Cortical Thickness
From the coregistered brain of each participant we subtracted its cortical mantle. We then used a three-dimensional morphological operator to distance-transform this brain without the cortex from the coregistered brain of the same participant that contained the cortex [35] . This operation calculated cortical thickness as the smallest distance of each point on the external cortical surface from the outermost surface of the WM in the coregistered brain.
Due to the fact that these thicknesses were measured in template space, their values inherently accounted for generalized scaling effects within the cerebrum, because the brain and its local features, such as cortical thickness, were already scaled during the similarity transformation of that brain to the template. Because cortical thickness was poorly defined for one of the 76 patients, we did not include this subject in our analyses of the cortical thickness and of the WM surface. There was no difference in results for our analyses whether we included this subject or not.
Surface Area
We computed the total surface area of the cortex for each individual brain coregistered to the template brain, which ensured that the computed measure was appropriately scaled by the ratio of the whole brain volume (WBV) for each individual to that of the template brain. We obtained the area of the surface generated by removing two layers of voxels from the brain to better delineate the sulci, allowing us to include the surface area for the sulci of the tightly packed gyri [36] . To compute the surface area: (1) we multiplied the number of voxels on this eroded surface by the average area of the three faces of each voxel (voxel method), and (2) we applied the method of marching cubes (refer to the Methods S1) to first extract a triangulated surface of the eroded cortical area, and subsequently summed up the area of each triangle to compute the total surface area (triangulation method). In addition, we applied these two methods to compute the total surface area of the subcortical WM for each individual brain coregistered to the template brain.
Statistical Analysis
Either cortical thickness measures or signed Euclidean distances describing the brain and the WM surfaces for each participant were entered as dependent variables in a multivariable linear regression conducted at each voxel. We covaried for age, age 2 , and gender of the participant, having first ensured the absence of significant interactions among these covariates. We used both age and its quadratic term to control for the linear and quadratic effects of age on volumetric variables. The regression model had the form
where Y i was either the signed Euclidean distance or the value of cortical thickness at each point on the cerebral (or white matter) surface of the i th brain, and b 0i , b 1i, b 2i, b 3i, and b 4i, were the intercept and regression coefficients for the linear effect of age, the quadratic effect of age, the effect of gender, and group membership (control or patient), respectively, for participant i. Each regression coefficient was estimated and the p-value for each term was obtained using the T-statistic. In order to determine the relationship between abnormalities along the brain surface and abnormalities of the cortical thickness across the brain, we controlled, at each point of the brain surface, for the underlying cortical thickness by adding cortical thickness as covariate to the above model and using signed Euclidean distances as a dependent variable. Correlation of morphological measures with symptom severity was performed using the following general linear model in the patient group only, calculating the regression term b 5i for the term representing the PANSS scores, with scores for negative and positive symptoms entered separately:
A similar regression model was used to model the effects of overall SPT memory score on anatomical measures (Y i ). In addition to these main effects, we considered for inclusion in the model all 2-way interactions of diagnostic group, gender, age and minority status. Non-significant terms were dropped from the final model. We did not include in the model the interaction of age and diagnostic group because, though the interaction was significant at a small number of voxels in the WM surfaces of both hemispheres, it was at locations that differed from the locations of voxels where the significant main effects of diagnosis were detected (Fig. S4) . Although the main effect of minority status was significant for cortical thickness in the patient group (Fig. S5) , we decided not to include minority status in our final model because our results did not differ whether or not we modeled this term. We used a similar regression model to regress cortical surface area or WM surface area onto age, age 2 , gender and diagnostic group. Chlorpromazine equivalents were available for close to three fourths of the sample (n = 55). As a measure of lifetime exposure to antipsychotic medications, we used the scalar product of current chlorpromazine equivalents and length of illness, in a manner similar to previous studies [37] . This regressor was entered as a confounder in the group comparisons, with no change in results for all anatomical measures. Therefore, the variable was not retained in the final model
Correction for Multiple Comparisons
We corrected for multiple comparisons using the theory of Gaussian Random Fields (GRF) [17] . We color-coded the p-values of the appropriate regression coefficient at each voxel and displayed them across the surface of the template brain. We also conducted exploratory analyses without applying GRF correction. We confirmed our results by applying Bonferroni correction, using a corrected p-value of p,0.05/12 because we performed a total of 12 comparisons when we correlated one neurocognitive measure (overall SPT memory score) and three clinical measures with the 3 morphometric variables (cortical thickness and local volumes along the surfaces of the cortical mantle and of the underlying WM).
Results
Diagnosis-specific Effects
A comparison between patients and controls revealed extensive reductions of local volumes of brain tissue along the surface of the brain in an arc that included, laterally, the middle and inferior frontal gyri, most of the inferior half of the precentral and postcentral gyri, part of the supramarginal gyrus, and the superior and middle temporal gyri. Mesially, we detected reduced local volumes along the superior frontal, cingulate, and lingual gyri. We also observed reductions of local volumes of WM tissue along the underlying WM surface in a spatial pattern approximately corresponding to the perisylvian abnormalities we found along the surface of the brain (Fig. 1) . Cortical thickness in the patient group followed a somewhat different pattern, with greater cortical thickness present in perisylvian cortices and thinner cortices in the superior and middle frontal gyri, left superior parietal lobule as well as along the cingulate gyrus (Fig. 2) . The findings of greater cortical thickness were not affected when we did not rescale for brain size during the co-registration procedure.
Neuropsychological Groups and Correlation with Working Memory Scores
We observed reduced local volumes of brain tissue along the brain surface of NPI patients compared with that of controls, following a pattern similar to that of the entire patient sample, except in the superior temporal gyrus, where smaller abnormalities were present (Fig. 3) . In contrast, the NPNN subgroup exhibited limited reductions in local volume along the brain surface of the middle frontal and posterior cingulate gyri (Fig. 3) . In the NPI subgroup, the WM followed approximately the same spatial pattern, with reduced local volumes of WM along the surface of the WM of the right hemisphere. We found only minimal abnormalities in the WM of the NPNN subgroup (Fig. 3) . Both subgroups compared with controls exhibited some degree of greater cortical thickness in perisylvian cortices and of reduced thickness in the superior frontal gyri, in a pattern seemingly more pronounced in the NPI group (Fig. 2) . However, we did not detect statistically significant differences in cortical thickness between the NPI and the NPNN subgroups when we compared them directly to one another. Uncorrected comparison of the WM surface between the NPI and NPNN patients revealed reduced local WM volumes along the WM surface underlying the perisylvian cortices in the patients with impaired memory performances. GRFcorrected analyses pointed in the same direction, showing small volumetric reductions along the WM surface in the NPI subgroup (Fig. S1) . Further, analyses of the WM surface showed that overall memory scores, as measured on the SPT, were associated with greater local WM volumes along the WM surface, especially in the right hemisphere in areas underlying temporal, parietal, and sensorimotor cortices. These local volumes were greater in a relative sense, given that the WM was still reduced in patients compared to controls, though relatively less so in patients with higher memory scores (Fig. 4) . We did not detect any correlations of cortical thickness with memory scores.
Correlation with Symptom Severity
Only negative symptoms clearly correlated with measures of cortical thickness, with increasing symptom burden accompanying relative greater thickness of the perisylvian cortices bilaterally. We found no significant correlation of symptom severity with measures of local volume along the surface of the brain and of the WM (Fig. 5) .
Scaling Effects
Results for analyses of the brain surface performed without scaling correction are reported in Fig. S2 .
Total Surface Area
In the right hemisphere, patients showed smaller WM surface area than controls (triangulation method: p = 0.016; voxel method: p = 0.004), after controlling for all other covariates. When we estimated the main effect of gender, regardless of diagnostic group membership, we found that males showed, in the right hemisphere, a larger WM surface area than females (both methods: p = 0.001). Regression of the entire eroded cortical surface area (left and right hemispheres combined) onto age, age 2 , gender and diagnostic group showed that patients had smaller cortical surface area than healthy controls (triangulation method: p = 0.028; voxel method: p = 0.05).
Discussion
Abnormalities of local volumes of brain tissue along the surface of the brain were associated with abnormalities of local volumes of WM tissue along the surface of the underlying WM at corresponding locations, rather than with reduced thickness of cortical GM. Reductions of local volumes along the brain surface did not co-localize with areas of thinner cortex, as we observed greater cortical thickness in those locations instead. Whether we controlled or not for the effects of cortical thickness on morphology of the brain surface, our results did not change, quantitatively supporting our conclusion that the abnormalities along the brain surface do not reflect abnormalities of the underlying cortical thickness, but rather of the underlying white matter. Additionally, we observed smaller total surface areas of the cortex and of the WM, leading us to conclude that the regional GM volume reductions we had previously reported are partially attributable to reduced cortical surface area, accompanied by an underlying reduction in WM surface area.
These findings converge with those from other studies suggesting that WM may be an important contributor to the anatomical disturbances observed in schizophrenia. The WM abnormalities were located primarily in the region of the arcuate fasciculus. Reduced local WM volumes were also present along the WM surface of the anterior and posterior cingulate gyri. The locations of these findings replicate the locations of abnormalities in cortical GM volume reported in prior studies, in both first episode and chronic patients, particularly in fronto-temporal, inferior sensorimotor, inferior parietal, cingulate, and lingual cortices. The specific location of WM abnormalities within perisylvian and limbic areas is not unexpected, as these are regions thought to underlie auditory hallucinations and formal thought disorder, impaired language functioning, and the emotional disturbances observed in schizophrenia. WM findings were most prominent in the right hemisphere, consistent with a prior longitudinal study that reported a lag in WM growth greatest in the right hemispheres of persons with childhood-onset schizophrenia [38] . The validity of the WM abnormalities is furthermore At each point on the brain or on the WM surface, the statistical significance of differences in local volumes between patients (n = 76) and healthy controls (n = 57) is color-coded. Warm colors (yellow, orange and red) represent significantly greater local volumes of brain tissue along the surface of the brain or of WM tissue along the underlying WM surface in the schizophrenia group. Cooler colors (blue and purple) represent reduced local volumes of brain tissue along the surface of the brain or of WM tissue along the underlying WM surface in that group. The color bar indicates the color-coding of p values for testing of statistical significance at each point. Brain and WM surfaces were rescaled for whole brain size and the statistical models accounted for age, age 2 and the gender of all participants. P values are thresholded at P,0.05 with corrections for multiple statistical comparisons using the theory of Gaussian Random Fields (GRF) on a 2D manifold. P values are displayed onto the ICBM brain surface of the template brain (in green) and onto the WM surface of the reference subject. More specifically, abnormalities in WM surface, brain surface, and cortical thickness are overlaid on the same reference brain. However, while brain surface and cortical thickness results can be displayed on a brain surface, WM results must be displayed on the WM surface of the reference brain after its cortical mantle has been removed. This figure shows that reduced local volumes of brain tissue along the surface of the brain are distributed in perisylvian regions and they closely reflect underlying reductions in local volumes along the WM surface. AC, anterior cingulate; IFG, inferior frontal; LG, lingual gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; PreC, precentral gyrus; PC posterior cingulate; PoC, postcentral gyrus; SFG, superior frontal gyrus; SMG, supramarginal gyrus; STG, superior temporal gyrus. doi:10.1371/journal.pone.0055783.g001
indirectly supported by postmortem studies reporting myelin and oligodendrocyte disturbances in schizophrenia.
Partially contradicting our expectations, we detected thicker perisylvian cortices in patients. We did find, however, thinner cortex in the superior and middle frontal gyri, the superior parietal lobule, and along the cingulate gyrus, consistent with prior findings of reduced cortical thickness observed in these regions. Among the studies that have measured cortical thickness directly, most have detected thinning [39] in frontal, temporal, and cingulate cortices. We speculate that the thicker cortices we found in patients could be associated with medication use or any other illness-related factor such as hospitalization or chronicity but these explanations cannot be proved, given that virtually all patients in this sample were on medications and they were imaged at only a single point in time.
Correlations with Measures of Cognitive Functioning
Poorer performance on working memory tasks accompanied more extensive abnormalities of local volumes along the surfaces of brain and of the underlying WM. We previously demonstrated in this same sample that NPI and NPNN patients differ in regional anatomical volumes, with the NPI group showing reduced regional GM and WM volumes and the NPNN group exhibiting only abnormal regional volumes of GM [18] . Our results confirm and extend these observations by indicating that those who are neuropsychologically impaired carry a more extensive burden of local anatomical abnormalities deriving from white matter. Moreover, individual correlations with overall memory scores seemed to support this interpretation, as greater impairments in working memory are associated with a greater degree of WM compromise (Fig. 4) . The association of WM with measures of neuropsychological performance is consistent with evidence from imaging genetics studies [40] , as well as from recent-onset Patients exhibited greater cortical thickness in the perisylvian cortices in both hemispheres, as well as thinner cortices in the superior frontal, superior parietal and cingulate gyri. We did not observe any differences in the degree of cortical thickness when we compared neuropsychological groups directly to each other. These findings were preserved in unscaled data. doi:10.1371/journal.pone.0055783.g002 schizophrenia studies [41] and WM loss has a stronger association with cognitive function than GM does [42] . WM deficits in locations similar to ours and associated with a variety of cognitive measures have been observed in samples of minimally medicated patients at the onset of illness, suggesting that these findings are not due to illness chronicity or medication exposure [43] .
Correlations with Symptom Severity
Severity of negative symptoms correlated with greater cortical thickness in perisylvian cortices and not with deficits in WM as we had hypothesized. The interpretation of these findings is unclear, given the absence of significant correlations with measures of local volume along the surfaces of the brain and of the underlying WM in corresponding locations. We cannot determine whether these abnormalities in thickness are primary or secondary to compensatory changes or medication use. In general, however, associations of anatomical measures with symptom dimensions tend to be weak [42] .
Taken together, our results converge with those of prior studies to suggest that an important anatomical abnormality in schizophrenia involves the WM that connects together important cortical association areas [44] . Structural connectivity [45] and functional network analyses [46] have supported the hypothesis that schizophrenia may be a disconnection syndrome based within WM. Rather than suggesting diffuse WM damage, the perisylvian location of our WM findings points to circuit-based WM abnormalities, disrupting the WM that connects frontal, parietal and temporal regions, consistent with prior reports of WM abnormalities in frontal cortex, internal capsule [2] , fornix and cingulum [47] , and arcuate fasciculus [48] . We detected a reduction of total cortical surface area and WM surface area in the schizophrenia group, generally consistent with previous observations [49] . A reduced total cortical surface area may contribute, along with reduced cortical thickness, to the smaller GM volumes previously reported in our patient sample [18] , although the global nature of the measurement did not allow determination of the regional localization of abnormalities in cortical surface area.
Recently, abnormalities in both cortical surface area and WM anatomy [2] have been proposed as strong candidates for markers of trait vulnerability in schizophrenia. Indeed, imaging studies in monozygotic and dizygotic twins discordant for schizophrenia suggest that WM disturbances are a marker of genetic vulnerability for this disease [50] , whereas cortical thickness abnormalities are most likely secondary to a separate underlying disease process. Consistent with this proposed state-related effect for abnormalities in cortical thickness, a large recent study failed to detect significant reductions in cortical thickness in unaffected siblings compared with persons affected with schizophrenia and healthy controls, again suggesting that cortical thinning is unlikely to be a stateindependent marker for this illness [51] .
Additionally, findings from anatomical studies in cohorts at high-risk for psychosis appear to agree with our observations. For instance, the location of the cortical thinning we observed is consistent with findings from prodromal cohorts showing possible GM loss in prefrontal cortices [52] . Similarly, disruptions of WM integrity and development have been observed before the onset of psychosis in areas underlying or connecting association cortices [53] [54] [55] [56] . Despite these similarities, however, anatomical studies in high-risk cohorts are few in number, and the high risk and prodromal samples differ greatly from ours, making comparison of our findings difficult. Only longitudinal studies of prodromal patients followed longitudinally through the chronic phase would permit us to know how anatomical abnormalities in the prodrome compare with those observed in the chronic phase of schizophrenic illness.
In conclusion, we speculate that GM and WM volumes are both reduced in adults suffering from schizophrenia, but the various morphological components of these volumetric abnormalities may be under different pathogenic influences [57] . Independent replication with studies using different samples and different analytic approaches are ultimately needed to confirm our results.
Limitations
The findings of this study should be viewed in light of several limitations. 1) Imaging analyses, in general, do not permit identification of the underlying histological determinants of the observed anatomical abnormalities. 2) Although WM seems to account for our volumetric findings on the cerebral surface in Prior imaging studies have implicated the cerebellum and the insula in the pathogenesis of schizophrenia. The cerebellum, however, was not included in our analyses. We were also unable to assess the morphological features of the insula, because this structure is not visible on the cortical surface. This is an important limitation, given recent observations of significantly pronounced hypogyria in the left insula of patients with schizophrenia [58] . 4) The correlation of PANSS scores with measures of surface morphology should be interpreted with caution because scores were not available for all patients. 5) Neuropsychological measures were not available from domains other than working memory, verbal memory, and attention.
An important limitation of our study is that our sample comprised only medicated and chronically ill patients. Therefore, similar to many prior studies of already-affected patients, we could not entirely disentangle the effects of individual medication classes from disease effects on morphological measures. Assessing which medications each patient has been exposed to is notoriously difficult in this population, more so the longer the illness has been present. Poor compliance and poor recall are frequent. Such patients have had multiple hospitalizations, at times in different geographical locations, with difficulty assembling complete records that span several years, if not decades. Furthermore, higher doses of antipsychotic medication tend to correlate with severity of illness, and therefore illness and medication doses are inextricably entangled. Additionally, the determination of chlorpromazine equivalents has historically been based on the assessment of clinical effects, providing no information on whether these medications have equivalent biological effects on brain structure. Moreover, the determination of these equivalents relies on placebo-controlled fixed-dose studies that establish minimum clinically effective doses. Thus, chlorpromazine equivalency determined at one point of the dosage range for a particular medication does not imply that the same equivalency holds at higher doses for that same medication [59] . To complicate matters, although chlorpromazine equivalents frequently are included as statistical covariates, this approach assumes that the effects of these medications on anatomical variables are linear and that the same statistical relationship is valid across the entire brain. For these reasons, the scalar product we used as a proxy for cumulative-life exposure can only be a very rough approximation. Therefore, medication effects cannot be truly assessed in a chronic population via statistical modeling. First-episode studies, animal studies, and prodromal studies are more suited to answer these questions. Nevertheless, we know medications affect anatomical measures, as it had been previously demonstrated by post-mortem studies in primates [60] and proposed by imaging studies [37, 61] . For this reason, despite all the limitations of statistical covariation, we did attempt to control for cumulative exposure to antipsychotic medication in a manner similar to previous studies [37] , finding no evidence for an effect either on cortical thickness or on local volumes along the surfaces of the cortical mantle and of the underlying WM.
Although our sample of patients and healthy controls were matched for age, matching for minority status was not possible. The patient group had a borderline higher proportion of males, common in samples of patients with chronic schizophrenia, with many studies even including only male participants [45] . We assessed the effects of both these variables on all anatomical measures (Figs. S3, S5 ) and controlled for them when appropriate. Finally, this dataset was analyzed in a prior paper, theoretically introducing the possibility of type-I error. Nevertheless, the imaging techniques used in this paper differ dramatically from the conventional ROI-based measures of volume reported previously, allowing a finer-grained analysis of brain structure. Fig. 1 . Briefly, when analyzing unscaled data, we observed, in the patient group, generalized reductions in local volumes of brain tissue along the entire medial and lateral brain surfaces, more prominent in the right than in the left hemisphere. This figure shows that when we do not correct for whole brain volume, patients with schizophrenia exhibit overall smaller cerebral volume than healthy controls. The comparison between scaled and unscaled cortical thickness data did not detect significant differences (not shown), likely because the scaling relationship of brain surface with overall brain size was greater than that of cortical thickness with overall brain size. (TIF) Figure S3 Main Effects of Gender on Cortical Thickness (Top) and on Local Volumes along the Surface of the WM (Bottom) in Patients with Schizophrenia. Statistical effects are color -encoded as in Fig. 1 . Results are GRF-corrected. This figure shows greater local volumes along the surface of the WM in male patients relative to female patients, mostly in the superior frontal gyrus. Males also show thinner cortices in the same location compared with females. These results are consistent with our quantitative finding that male patients exhibit larger total surface area of the WM than female patients. A similar pattern has been previously observed both in patients and in healthy control samples. We do not report effects in our healthy control group, which consisted mainly of small changes in local volumes along the surface of the WM in the left hemisphere, because these findings were much less significant and therefore of difficult interpretation. (TIF) Figure S4 Age by Diagnosis Interactions. Local Volumes along the Surface of the WM of the Right Hemisphere (Top) and of the Left Hemisphere (Bottom). Statistical effects are color -encoded as in Fig. 1 . Results are GRF-corrected. This figure shows greater local volumes along the surface of the WM of the anterior cingulum (underlying the ACC) associated with age, as well as correspondingly greater local volumes along the surface of the brain. No interaction effects on cortical thickness were observed. The interaction term captures the different relationship of WM with age in the healthy controls and in the patient group. This interaction term is significant in voxels different than those where the main effects of diagnosis were observed, and it is highly significant in the cingulum just anterior to the genu of the corpus callosum. Plotting the relationship between age and anatomical measures (not reported) allowed us to conclude that this interaction reflected greater local WM volumes along the surface of the WM of the anterior cingulum in progressively older patients. Conversely, healthy controls exhibited progressively smaller local volumes with increasing age in this same region. This increase notwithstanding, when patients are compared to healthy controls, they do show diffuse reductions in WM (Fig. 1) . We do not report the main effects for age and age 2 because they were minimal and thus of difficult interpretation. Briefly, they consisted in a very small increase in local volumes at the WM surface of the superior frontal gyrus as well as a decrease in the same area associated with its quadratic term (age Fig. 1 . Results are GRF-corrected. Region definition was not applied. This figure shows correlations of measures of cortical thickness with minority status. Minority status was defined for the purposes of this analysis as being nonCaucasian. Minority patients exhibit thicker cortices in the superior and middle frontal gyri as well as along the cingulate gyri. Although the effect of minority group position has already been reported in psychotic syndromes, the specific meaning of increased cortical thickness in our sample is unclear, but perhaps related to possible differential environmental exposures. Main effects for minority status were not observed in the healthy control group. (TIF) Methods S1 Supplementary Methods. (DOC)
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